Abstract| In this paper we examine the blocking performance of networks in which connections may be blocked due to either insu cient capacity or due to limitations in the transmission network. We use analytical expressions and network simulations to examine blocking in networks in which the quality of the received signal may be so poor that the connection is e ectively blocked. In particular, we apply our analysis to networks which use wavelength converters based on four-wave mixing in semiconductor optical ampli ers. We show that the performance improvements obtained using these wavelength converters can be signicant, but this depends on whether the network uses xedfrequency or tunable transmitters and receivers.
I. Introduction
In simple wavelength-routing WDM networks, a connection between two nodes must use the same wavelength on all hops, or links, along the route. If a common wavelength is not available on all hops along the route, the connection request is blocked. This restriction may be removed by the introduction of wavelength converters within the network cross-connects. Wavelength converters improve network performance by reducing the probability that a connection will be blocked.
A number of studies have analysed the e ect of wavelength converters on the performance of WDM networks 1, 2] . These studies have shown that while the e ect of wavelength conversion depends on the network topology, the number of nodes and the number of wavelengths, the introduction of wavelength converters can potentially lead to signi cant performance improvements. However, these analyses have assumed ideal wavelength converters, which can convert any input wavelength to any output wavelength.
Conventional analysis of blocking in networks with a full set of wavelength converters in every cross-connect recognises that a connection can only be established if there is su cient transmission capacity on each link along the connection's route. However, existing analysis does not recognise that, even if this capacity exists, connections in a real network may still be blocked due to limitations in the transmission network. For example, tunable components such as wavelength converters may have limited tunability in practice, and so some of the input-output wavelength combinations required to establish a connection may simply not be achievable. Additionally, a connection is effectively blocked if the received signal quality is so poor that many bits are received in error. In this way noise and signal distortions introduced by the transmission network may constrain the set of useful paths through the network.
In this paper we derive an analytical expression for blocking resulting either from insu cient network capacity or from limitations in the transmission network. We use this expression to analyse the performance of networks in which the major cause of \e ective blocking" is noise introduced by wavelength converters and optical ampli ers. In particular we concentrate on wavelength converters based on four-wave mixing (FWM) in semiconductor optical ampliers (SOAs), which will be described in more detail below. The analytical framework we present, however, can be used to describe a wide variety of other e ective blocking mechanisms. The paper is structured as follows. In Section II we discuss one particular form of wavelength conversion, namely wavelength conversion based on four-wave mixing in semiconductor optical ampli ers. In Section III we present a generalised blocking probability analysis for routes in a network with realistic components, which may distort the signal or add noise to it. In Section IV, this model is applied to networks using wavelength converters based on FWM in SOAs, in which it is assumed that noise introduced by the wavelength converters and by optical ampli ers is the major cause of signal degradation. In Section V we apply the analytical model to routes which use tunable and xed-frequency transmitters and receivers. Finally, in Section VI we use network simulations to verify the conclusions obtained using the analytical results.
II. Wavelength conversion based on four-wave mixing in Semiconductor Optical Amplifiers
A number of wavelength conversion techniques have been demonstrated in research laboratories 4{7]. Some wavelength conversion techniques are modulation-formatindependent, and so allow the construction of modulationformat-independent WDM networks, in which di erent modulation schemes, bit-rates and communication protocols can be used on di erent wavelengths 3]. Four-wave mixing (FWM) in semiconductor optical ampli ers (SOAs) is a promising technique for modulation-independent wavelength conversion. However, the performance of SOA FWM wavelength converters is a strong function of the di erence between the input and output frequencies. That is, for a particular input frequency, conversion to some output frequencies results in an output signal which is significantly degraded. This leads to limitations in the conversions which can be performed. Such wavelength converters are described as being limited wavelength converters.
In this paper we will analyse the performance of networks which use wavelength converters based on FWM in SOAs, but we note that other types of wavelength converters may also be limited in practice. For example, wavelength converters using cross-gain modulation (XGM) in SOAs are intrinsically asymmetric 7]. Optoelectronic or cross-phase modulation 8] wavelength converters, which, like XGM, are not modulation-format-independent, have apparently little intrinsic tuning limitation, but may have limited output ranges if they use tunable lasers with limited tuning ranges 10], or limited sets of xed-frequency lasers 11, 12] .
Blocking probabilities in networks which use SOA FWM wavelength conversion were examined in 9] using a simple threshold model, in which certain conversions were deemed to be valid, whilst others were not. However, the threshold model is a simpli cation of device operation. In this paper we use an improved model of SOA FWM wavelength converters to examine blocking in networks which use realistic, non-ideal, SOA FWM wavelength converters.
III. Modelling route blocking probabilities
We derive here an analytical expression for the blocking experienced in establishing a new connection along a single H-hop route in a WDM network with transmission network limitations. A signal is transmitted from the source node, via a dedicated access link, through the H transmission links, or hops, and H + 1 nodes, until it reaches the nal dedicated access link for the destination. The transmission links, or hops, are labelled 1 to H. The same set of F wavelengths (or optical frequencies) exists on each link, h. We de ne a path to be a set of wavelengths along a route, with a single wavelength chosen on each link.
To model a realistic scenario in which connections are blocked due to either insu cient capacity or transmission network limitations, we introduce the concepts of a cost and a budget. A cost is associated with passing through each cross-connect and transmission link, taking into account the noise added to the signal and/or the distortion it undergoes in passing through these components. These costs are accumulated along a route. If the accumulated cost for all of the available paths along a route exceeds the maximum allowable budget, or if there is no available path along the route, the connection is blocked.
To model networks in which the dominant cost comes from SOA FWM wavelength converters, we use the noise introduced in each cross-connect to represent the cost, with the available budget given by the total noise which may be introduced for a given minimum signal quality. The cost/budget analysis can also be used to treat a wide variety of other e ective blocking mechanisms. For example, to model a network which uses wavelength converters with limited sets of xed-frequency probe lasers 12], a zero cost may be associated with each conversion to a wavelength within the set of allowable output wavelengths, with an innite cost associated with conversions to wavelengths outside this set. The available budget is then given a nite, positive value.
The blocking probability analysis presented here is a generalisation of that proposed by Barry and Humblet 2] for routes with ideal wavelength converters or with no wavelength converters. As in 2], we assume that a wavelength may be used on a particular link without in uencing the probability that the same wavelength is used on any other link. We also assume that random wavelength assignment is used. Therefore, each wavelength on a hop h has the same probability, h , of being used.
Let c(f i ; f j ) be the cost incurred in traversing through a cross-connect which performs a conversion from frequency f i to frequency f j . De ne x i;h to be the remaining budget available for establishing a connection from wavelength f i on hop h. It should be noted that the value of x i;h is dependent on the set of wavelengths used on the links before hop h. Thus, di erent values of x i;h may exist for di erent paths used in establishing connections between hops 1 and h.
De ne b i;h (x i;h ) to be the event that all of the paths commencing with wavelength f i on hop h and terminating on the nal hop, hop H, are blocked when a budget x i;h is available. Then p( b i;h (x i;h )) is the probability that all of these paths are blocked. We de ne p( b i;h (x i;h )) = 1 if x i;h < 0.
The blocking probability, or the probability that no connection can be established between hop 1 and hop H, is the probability that connections are blocked from every wavelength on hop 1 and is given by
Equation (1) is evaluated recursively until the nal hop, hop H, is reached. The probability of being blocked on a given wavelength on hop H is simply H if there is sucient available budget such that the conversion from this wavelength to the received wavelength can be performed, and is 1 otherwise. Paths on di erent wavelengths are independent. Note that Equation (1) is a generalisation of the analysis presented in 9]. The analysis in 9] did not include the general cost of conversion and instead de ned some conversions to be valid, whilst others were not. The above analysis assumes independence of the wavelength allocations on adjacent links along a route. This independence assumption may be removed by extending the above analysis in a way similar to that performed by Barry and Humblet in 2] for networks without wavelength converters. However, the computational requirements of such an analysis are excessive and impractical.
IV. Signal degradation along an optical path using SOA FWM wavelength converters
In the remainder of this paper, we use the cost/budget analysis to examine the blocking performance of networks using wavelength converters based on FWM in SOAs. We treat the particular case of networks in which the dominant source of noise and signal distortion (i.e. the dominant cost) is the noise introduced by the wavelength converters and optical ampli ers. In this section we describe the calculation of this cost. However we point out that a slightly modi ed cost/budget analysis could take account of other sources of noise and signal distortion, by calculating additional costs due to factors such as bre chromatic dispersion and in-band crosstalk. We do not treat these factors here because we wish, for simplicity and for comparison with previous work 9], to examine the e ects of SOA FWM limitations alone. This is equivalent to analysing a network in which other factors have been \designed out", using for example dispersion management and high-quality lters to reduce the e ects of dispersion and crosstalk respectively. Our cost/budget calculations use the post-detection (electrical) signal-to-noise ratio to describe the signal quality.
A. Noise introduced along an optical path Signals passing along an optical path are attenuated by bre transmission loss, and by multiplexing, demultiplexing, space switching and wavelength conversion in the optical cross-connects. Optical ampli ers, which compensate for these losses, introduce noise, as do the wavelength converters themselves. If a signal can be transmitted from source to destination with a signal-to-noise ratio (SNR) greater than some SNR min , a minimum acceptable SNR, then it is accepted. If no path can be located with available wavelengths on each link, or if the available path with the highest SNR has an SNR < SNR min , then the connection is blocked. Fig. 1 depicts a general model for the optical crossconnect contained in each of the nodes 1; 2; : : :; H +1 of an H-hop route 14]. An incoming signal passes through an optical preampli er (EDFA) with gain G in ; a demultiplexer and optical space switching stage with combined attenuation L 1 ; the SOA FWM wavelength converter, with conversion e ciency (wavelength-converted output power/input power) ( f), where f = f out ?f in , and f out and f in are the output and input optical frequencies respectively; a ltering and multiplexing stage, with attenuation L 2 ; and a booster ampli er (EDFA) with gain G out . The overall gain of the cross-connect, G, is designed to compensate for the transmission losses incurred between and within each cross-connect, so no in-line EDFAs are used, and the output signal power of each cross-connect is the same. The wavelength converter introduces ampli ed spontaneous emission (ASE) noise, with power spectral density W c ( f). ASE is also introduced by the preampli er and booster ampli ers.
To calculate the post-detection (electrical) SNR after transmission along an H-hop path, we recognise that the received signal power is constant, independent of the path taken and the wavelength conversions required, because of the design of the overall cross-connect gain described above. Because of this, and because we ignore signal distortions such as those produced by dispersion and crosstalk, the cost of passing through each cross-connect can be quantied using the ASE noise introduced. The available budget can be expressed as the total allowable ASE power spectral density for a given SNR min . The cost c(f i ; f j ) of traversing the n th cross-connect in the path, with input frequency f i and output frequency f j , is then
where h is Planck's constant and n sp is the inversion factor of the EDFAs. We note than an analysis which takes account of signal distortions, such as those arising from crosstalk or dispersion, should explicitly calculate costs and budgets in terms of SNR or Q factor, rather than the ASE power spectral density W used here. As discussed above, we are considering a network in which the dominant cost is the noise introduced by the wavelength converters and optical ampli ers, so under these circumstances we can perform simpler calculations based only on ASE power spectral density, W .
It is straightforward to show that the optimum gains of the preamp and booster amp, respectively, are 13]
These gains ensure that the signal power at the input to the wavelength converter isP c;in , which in turn is chosen to achieve the optimum ratio of pump to signal power in the wavelength converter 15]. This ratio maximises output signal-ASE ratio while minimising signal distortions arising from the wavelength conversion process 15]. However, the above analysis assumes that the booster ampli er gain can be individually chosen for each wavelength. This is equivalent to assuming that the channels are equalized at the output of the cross-connect. Channel equalization may be implemented using a number of techniques 17], with most techniques expected to have negligible impact on the analysis. We also assume that, if no wavelength conversion is required ( f = 0), the wavelength converter is bypassed, but the signal still passes through all the other elements of the cross-connect. This could be achieved in the architecture of Figure 1 using a switchable bypass path around each wavelength converter-lter, the losses of which are included in L 1 and L 2 . This may not be an optimum architecture. The cost associated with f = 0 is then non-zero, due to the preampli er and booster noise, but is lower than for non-zero f. The total noise introduced by transmission along an Hhop path, W H+1 out , is then obtained by summing the noise introduced in each cross-connect:
Clearly, W H+1 out is a function of the conversions performed along the path.
If we consider signal-spontaneous beat noise and shot noise only, then the total acceptable ASE power spectral density (ie. the budget) for a given electrical SNR (5) where B e is the receiver noise-equivalent electrical bandwidth. This value can be used to calculate the initial noise budget available for establishing a connection on the H-hop route. The budget available at f i on hop 1 is the maximum noise budget available for the entire path, determined using Equation (5), minus the noise introduced in passing through the rst cross-connect with conversion from the input frequency f in to f i . It follows that
where x i;1 ; 1 i F are the budgets in Equation (1) .
If tunable transmitters are used at the source, the budget available at the rst hop is optimised by choosing f in = f i in Equation (6) , so that no wavelength conversion is performed. However, if a xed transmitter is used, f in is the xed transmitter frequency.
B. Parameters
The optical cross-connect and wavelength converter parameters used in the following investigations are as listed in Table I , with B e and SNR min = 25 dB chosen to give a bit-error-rate of 10 ?12 with negligible penalty at 2.5 Gbit/s.
We assume that the conversion e ciency is only a function of f and not of the absolute values of the wavelength converter's input and output frequencies 16]. The conversion e ciencies were obtained by tting experimental results obtained using a commercially-available 500 m-long SOA (BT&D SOA 1100-1550) to the SOA FWM conversion efciency model proposed in 4], 5]. The resulting noise power spectral density, W ( W/GHz), or conversion cost, is plotted against f in Figure 2 .
The maximum total noise power spectral density W corresponding to an optical SNR of 25 dB is marked on Fig. 2 with a dotted line. This represents the total budget available for establishing a connection along a route.
The parameters used here represent a realistic system, but one which could be improved using optimised devices, or a less stringent SNR requirement. 
V. Numerical results
We commence our examination of the performance of SOA FWM wavelength converters in WDM networks by considering connections established along a single route with tunable and/or xed-frequency transmitters and receivers. We thus evaluate Equation (1) recursively using the conversion costs and budgets de ned for SOA FWM wavelength converters in Equations (2) and (6).
A. Blocking along a xed-length route, tunable transmitters and receivers Fig. 3 plots the blocking probability versus utilisation for a four-hop route with 8 wavelengths, Tunable transmitters and Tunable receivers (TT) and with frequency spacings of 100 GHz, 200 GHz and 400 GHz. The wavelengths allocated on di erent links are assumed to be independent. Tunable transmitters and receivers allow access to any of the available wavelengths on the rst and last hops of the route, without the need for wavelength conversion at the source and destination cross-connects. The solid line in Fig. 3 shows the blocking probability when no wavelength conversion is permitted. The lowest dotted line shows the blocking probability when ideal wavelength conversion is allowed, where any input wavelength can be converted to any output wavelength and no noise is introduced in the optical cross-connect to degrade the SNR. For a given set of tra c conditions, ideal wavelength conversion provides a lower bound on the blocking. However, Fig. 3 also shows that, when the frequency spacing is 100 GHz, the blocking probability experienced when SOA FWM wavelength conversion is employed is very close to that for ideal wavelength conversion.
To illustrate the signi cance of the blocking probabilities achieved with SOA FWM wavelength converters, we examine the limitations introduced by these converters. Fig. 2 shows that the noise introduced by SOA FWM wavelengthconverting cross-connects exceeds the maximum allowable introduced noise for conversions down in frequency by either 600 or 700 GHz. Thus, these conversions cannot be used to establish a connection along a four-hop route. We also observe that only one conversion up in frequency by 600 or 700 GHz or down in frequency by 300, 400 or 500 GHz can take place in establishing a connection, as any combination of these exceeds the 25 dB limit. Thus, there are some signi cant constraints imposed on the conversions which can be performed by the SOA FWM wavelength converters, and yet the blocking is close to that achieved with ideal wavelength conversion. This veri es the conclusions obtained in 9] using the simple threshold model. Increasing the channel spacing above 100 GHz with SOA FWM wavelength conversion increases the blocking probability. This is due to the strong increase in introduced noise for conversions over larger ranges (see Fig. 2 ), resulting in fewer conversions being allowed. However, Fig. 3 shows that the blocking performance is still a signi cant improvement on the blocking in a route without wavelength converters, even when the set of allowed conversions is signi cantly restricted (such as for 400 GHz channel spacings).
B. Blocking along a xed-length route, xed-frequency transmitters and/or receivers Fig. 3 plotted blocking probabilities with tunable transmitters and receivers. However, networks with tunable transmitters and receivers and SOA FWM wavelength converters are expected to be complicated. We thus consider simpler networks which use xed-frequency transmitters and/or receivers. In networks with no wavelength conversion and Fixed transmitters and Fixed receivers (FF), connections can only be established between transmitters and receivers operating at the same frequency. Thus full connectivity is not achievable, and the performance of these networks is unacceptable.
One approach to providing connectivity in networks without wavelength converters is to introduce either Tunable transmitters with Fixed receivers (TF) or Fixed transmitters with Tunable receivers (FT). This is more complicated than using xed transmitters and receivers, but allows full connectivity if adequate transmission capacity exists. Fig. 4 plots blocking probability versus utilisation for a four-hop route with 8 wavelengths spaced by 100 GHz. Fig. 4 shows that the blocking probability in such TF (or FT) networks without wavelength conversion is extremely high, because the wavelength of the xed-frequency receiver (or transmitter) must be available on every link of the route. The introduction of both tunable transmitters and receivers (TT) dramatically reduces the blocking probability, again illustrated in Fig. 4 , but also increases the hardware complexity.
Another alternative for providing full connectivity is to introduce wavelength converters. An FF network with a full set of wavelength converters at each cross-connect generally uses more complex optical components than a TT network with no wavelength converters. Fig. 4 shows that the blocking probability experienced using SOA FWM wavelength conversion in a FF network is a strong function of the transmitter and receiver frequencies. For instance, the blocking probability experienced in establishing a connection between transmitter frequency f 4 and the same receiver frequency is very close to the lower bound achieved using ideal wavelength converters. However, connections established between f 8 and f 1 experience blocking probabilities which are severely degraded. This strong dependence of blocking probability on the transmitter and receiver frequencies is likely to be an undesirable feature in future WDM networks. Further, using the wavelength converter and cross-connect parameters speci ed in Section IV-B, the blocking probabilities for connections established between f 8 and f 1 exceed those for tunable transmitters and receivers and no wavelength conversion. The poor performance of SOA FWM wavelength converters in networks with xed transmitters and receivers results from the noise added in wavelength conversions required to access available wavelengths on the rst link from the xed transmitter frequency and on the last link before being detected at the xed receiver frequency.
We have shown in Section V-A that signi cant performance improvements may be achieved by introducing SOA FWM wavelength converters into TT networks. However, networks with Tunable transmitters and Fixed receivers (TF) or Fixed transmitters and Tunable receivers (FT) require less complex optical components than TT networks. We thus examine blocking along routes with tunable transmitters and xed receivers and wavelength conversion. Fig. 5 plots the blocking probability versus utilisation for a four-hop route with 8 wavelengths per hop. Wavelengths are spaced by 100 GHz. The blocking is in general higher for connections established to the extreme wavelengths (f 1 , f 2 , f 8 ) than to the central wavelengths (f 4 , f 5 , f 6 ). Fig. 5 plots the best and worst-case blocking probabilities, with the blocking probability being highest for connections es- tablished to f 1 , and lowest for connections to f 5 . However, even in the worst case, the blocking probability is improved compared with the TT blocking probability experienced with no wavelength conversion. For the majority of connections, the blocking probability experienced is close to that achieved with ideal wavelength converters and crossconnects. We have considered here networks with tunable transmitters and xed-frequency receivers. However, the general conclusions drawn here also apply to networks with xed-frequency transmitters and tunable receivers.
C. Blocking versus route length
We now consider the blocking probability as the number of hops increases. Fig. 6 illustrates the blocking probability versus route length, for routes with four wavelengths, a constant utilisation of = 0:15 and tunable transmitters and receivers. The wavelength allocations on di erent links are assumed to be independent. Fig. 6 shows that, with no wavelength conversion, the blocking probability increases dramatically as route length increases. The introduction of ideal converters signi cantly reduces this e ect. However, the introduction of SOA FWM wavelength converters also dramatically reduces the increase in blocking probability with increasing route length. In particular, the blocking probabilities experienced with frequency spacings of 100 GHz and 200 GHz are almost identical to those experienced using ideal wavelength conversion. This conclusion holds true even for long route lengths when the increase in the number of cross-connects traversed results in increased introduced noise and more signi cant limitations on the allowed conversions.
However, when a frequency spacing of 400 GHz is used, the blocking probability with SOA FWM wavelength conversion increasingly deviates from that with ideal wavelength conversion as the route length increases. This is because the total noise budget available for the wavelength conversions is xed and does not increase with increas- ing route length. This increasing deviation from the ideal blocking probability contradicts the conclusion obtained using the simple threshold model, in which the blocking probability was not a strong function of route length, even for relatively limited wavelength converters 9]. It is expected that the improved SOA FWM wavelength converter model used here provides a more accurate conclusion. It should be noted that the blocking probability is expected to increase more slowly if the tra c assigned on successive links along a route is not independent 2]. This is particularly true for routes without wavelength converters, but may also be observed for routes with limited and ideal wavelength converters. Fig. 2 demonstrates that the noise introduced by the cross-connect with SOA FWM wavelength conversion is a nonlinear function of the di erence between the input and output frequencies. Speci cally, a single conversion up or down by n evenly-spaced channels introduces more noise than n conversions between adjacent channels. It follows that connections between certain input and output frequencies may be blocked for one-hop routes established using xed-frequency transmitters and receivers, but not blocked for longer routes. We have observed such an e ect in routes with 4 wavelengths spaced by 200 GHz and for connections established between transmitter and receiver frequencies f 4 and f 1 respectively. The blocking of all one-hop connections established between certain transmitters and receivers severely constrains the allowable routes through the network, and is expected to complicate network design and severely degrade network performance.
The noise accumulated in each cross-connect means that all connections established over su ciently large route lengths will also be blocked. However, the route length for which this occurs depends on the tunability of the transmitters and receivers, their frequencies, the wavelength converter and cross-connect parameters and on SNR min .
D. Increasing the number of wavelengths
We now consider the e ect of having di erent numbers of wavelengths on the utilisation gain. Utilisation gain is dened as the ratio of the utilisation achieved with conversion to that achieved without conversion, for a xed blocking probability 2]. The utilisation gain quanti es the amount of extra tra c that the route or network can support as a result of the introduction of wavelength converters. Fig. 7 plots the utilisation gain at a blocking probability of 10 ?3 versus number of wavelengths, F , for a three-hop route with tunable transmitters and receivers. This gure shows that the introduction of ideal wavelength conversion results in a utilisation gain which has a maximum when F = 7. The utilisation gain then decreases as the number of wavelengths is increased, approaching 1 as F ! 1. This e ect comes about because large trunk groups are more e cient than small trunk groups 2].
The performance of routes which use SOA FWM wavelength converters and a frequency spacing of 100 GHz is shown to be almost identical to that achieved with ideal conversion for F 8. This is a particularly signi cant result in light of the limitations on the allowed conversions shown in Fig. 2 . As the number of wavelengths increases above F = 8, the utilisation gain for the realistic wavelength converter falls slightly below that for ideal wavelength conversion, because of the increased frequency range over which conversions must be performed. Similar e ects are observed for frequency spacings of 200 GHz and 400 GHz. It can be observed from Fig. 7 that the larger the frequency spacings, the lower the utilisation gain and the earlier it deviates from the ideal wavelength conversion curve as F is increased. This again results from the decreased e ciencies for wavelength conversion over large frequency ranges.
E. E ect of minimum SNR requirements Analysis in the previous sections has considered a minimum post-detection SNR of 25 dB. Here we consider the e ects on blocking probability of changing SNR min , which might come about because of a change in acceptable biterror rate. Fig. 8 plots the blocking probability versus the minimum acceptable post-detection SNR, SNR min , of Equation (5). The curves are plotted for four-hop routes with 8 wavelengths per link spaced by 100 GHz and a wavelength utilisation of = 0:4. The upper curve corresponds to the blocking probability with no wavelength conversion and tunable transmitters and receivers, whilst the lowest curve corresponds to ideal wavelength conversion. In both cases, the blocking probability is independent of the required SNR in the range considered. However, when SOA FWM wavelength converters are used, the blocking probability becomes a function of the required minimum SNR, SNR min . If SNR min 19.7 dB, the noise budget is large enough to allow any conversion to be performed along the route, and so ideal wavelength conversion is effectively achieved. The blocking probability is thus minimised. However, SNR min can be increased to about 25 dB before the blocking probability deteriorates. As the required SNR increases further, fewer connections are able to meet the increasingly stringent SNR requirements and the blocking probability gradually increases. We also consider the e ect of the desired SNR on routes established using xed transmitters and receivers. If SNR min 17:7 dB, then any set of conversions may be used along the four-hop route without exceeding the available budget for connections established between frequency f 8 and frequency f 1 . This is equivalent to having ideal wavelength conversion along the route. The blocking probability remains very close to that achieved with ideal wavelength conversion until SNR min reaches about 22 dB. The blocking probability then increases rapidly as the minimum required SNR increases, exceeding that achieved with no wavelength conversion and tunable transmitters and receivers at SNR min = 24:9 dB. The blocking probability then increases further to reach 1.0 for SNR min 25:3 dB.
Connections established between frequency f 4 and itself generally experience lower blocking probabilities than connections established between f 8 and f 1 . However, the blocking probabilities exceed those experienced with tunable transmitters and receivers and no wavelength conversion for SNR min 29:5 dB. Fig. 8 shows that close to ideal blocking performance can be achieved with realistic SOA FWM wavelength converters, even when the minimum acceptable SNR is several dB more stringent than that required to allow any wavelength conversion at all nodes along the route. If the noise budget is su cient to allow any conversion at the rst and last nodes, then the performance of a FF network with realistic wavelength converters will always be at least as good as that achieved in a TT network with no wavelength converters.
VI. Network blocking probabilities
We now use simulations to examine the e ect of SOA FWM wavelength converters on network performance in mesh-torus and uni-directional ring networks with tunable transmitters and receivers. We show that the conclusions drawn in earlier sections using the analytical model also apply to more complex network topologies. We have also found that network simulations verify observations made for single routes with xed transmitters and / or receivers.
In our simulations, we make the following additional assumptions:
each connection uses an entire wavelength on each link along a route; all tra c is point-to-point (ie. there is no broadcast or multicast tra c); xed routing is used, with the route chosen in the meshtorus topology according to the algorithm in 1]; arrivals occur in a Poisson stream and service times have an exponential distribution; and tra c is distributed uniformly across all sourcedestination pairs. A wavelength assignment algorithm is required in networks without wavelength converters, or with limited wavelength converters. In networks with tunable transmitters and receivers, we rst attempt to establish connections using a single wavelength (ie. no wavelength conversion). Although any of the proposed assignment algorithms for networks without wavelength converters may be used for this rst step, we have arbitrarily chosen to use the rstt heuristic, in which connections are assigned to the rst available wavelength, with wavelengths searched in some prede ned order. If the connection cannot be established using a single wavelength, an attempt is made to establish the connection using wavelength converters. A shortest path algorithm is used along the xed route to choose the path with the minimum introduced noise. Fig. 9 illustrates the blocking probability for a 5 5 meshtorus topology with 8 wavelengths on each link. Fig. 9 conrms the previous analytical conclusions that even realistic SOA FWM wavelength converters can provide performance close to that achieved with ideal wavelength converters in TT networks. Wavelength converters have been shown 1], 2] to generally o er more signi cant performance improvements in mesh topologies than in ring topologies. This is because in a ring topology, a large proportion of connections which use any given link also require the use of an adjacent link. There are thus a large proportion of connections which use any two adjacent links in a ring network. This reduces the \mixing" of connections along a route, reducing the benets of wavelength converters. Fig. 10 plots the blocking probability versus total network o ered load for a 6-node uni-directional ring network with 8 wavelengths per link and tunable transmitters and receivers. Blocking probabilities are plotted for no wavelength conversion, ideal wavelength conversion and SOA FWM wavelength conversion. Fig. 10 shows that the performance improvements o ered by wavelength converters are indeed marginal. However, if we consider the performance of the SOA FWM wavelength converters, we observe that blocking probabilities are close to those achieved using ideal wavelength conversion, even for connections established with wavelengths spaced by 400 GHz. 
VII. Conclusions
In this paper, we have suggested that, even if su cient transmission capacity exists, connections in an optical network may be blocked due to limitations in the transmission network. For example, tunable components such as wavelength converters may have limited tunability in practice, and so some of the input-output wavelength combinations required to establish a connection may simply not be achievable. Additionally, a connection is e ectively blocked if the received signal quality is so poor that many bits are received in error. In this way, noise and signal distortions introduced by the transmission network may constrain the set of useful paths through the network. We have presented an analytical framework for blocking resulting either from insu cient network capacity or from limitations in the transmission network. Limitations in the transmission network are quanti ed by a cost associated with traversing each cross-connect and transmission link, and these costs are accumulated along a route. If the accumulated cost for all of the available paths along a route exceeds the maximum allowable budget (corresponding to a minimum acceptable received signal quality), the connection is blocked. This analysis can be applied to routes which use a range of di erent wavelength converters and other hardware, and can be used to take account of a wide variety of transmission limitations. In this paper, we have used the analysis to consider the performance of networks in which the dominant transmission limitation is noise introduced by wavelength converters and optical ampli ers. In particular we concentrated on wavelength converters based on four-wave mixing (FWM) in semiconductor optical ampliers (SOAs). Under these conditions, costs and budgets can be quanti ed simply in terms of the ampli ed spontaneous emission noise introduced, but a more general analysis would use signal-to-noise ratio or Q factor.
All of our conclusions are dependent on the parameters describing the wavelength converters, cross-connects and the acceptable signal quality, but we have found that SOA FWM wavelength converters can o er signi cant performance improvements in networks with tunable transmitters and receivers, even if their conversions are significantly limited by noise. We showed that the introduction of SOA FWM wavelength converters can allow networks with xed-frequency transmitters and receivers to perform adequately, but that better performance can often be achieved, with simpler hardware, by introducing tunable transmitters and receivers rather than SOA FWM wavelength converters. Networks with SOA FWM wavelength converters and tunable transmitters and xed receivers (or xed transmitters and tunable receivers) are more complex than equivalent networks with xed transmitters and receivers. However, their performance is often better than that achieved in networks with no wavelength converters and tunable transmitters and receivers.
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